13 Chromatin remodelling complexes of the SWI/SNF family function in the formation of 14 nucleosome-depleted regions and transcriptionally active promoters in the eukaryote 15 genome. The structure of the Saccharomyces cerevisiae SWI/SNF family member RSC in 16 complex with a nucleosome substrate reveals five protein modules and suggests key 17 features of the remodelling mechanism. A DNA-interacting module grasps extra-18 nucleosomal DNA and helps to recruit RSC to promoters. The ATPase and arm modules 19 sandwich the nucleosome disc with their 'SnAC' and 'finger' elements, respectively. The 20 translocase motor engages with the edge of the nucleosome at superhelical location +2 to 21 pump DNA along the nucleosome, resulting in a sliding of the histone octamer along DNA. 22
The results elucidate how nucleosome-depleted regions are formed and provide a basis 23 for understanding human chromatin remodelling complexes of the SWI/SNF family and 24 the consequences of cancer mutations that frequently occur in these complexes. 25 26
Nucleosomes that occupy gene promoters inhibit transcription initiation by RNA polymerase II 27 and must be evicted or slid along DNA to establish nucleosome-depleted regions (NDRs) and 28
to create active promoters 1 . Nucleosomes are evicted or slid by chromatin remodelling 29 complexes that hydrolyse adenosine triphosphate (ATP) 2 . Remodelling complexes of the 30 SWI/SNF family are of particular importance for NDR formation and transcription, and 31 mutations in these complexes are linked to human cancers 3,4 . The yeast Saccharomyces 32 cerevisiae contains two complexes of this family, the SWI/SNF complex 5,6 , and the essential 33
and abundant 16-subunit complex RSC ('Remodels the Structure of Chromatin') 7 . 34 RSC contains the ATPase subunit Sth1 that functions as a DNA translocase 8-10 and is 35 required for normal transcription activity 11 . RSC can remove nucleosomes from promoters in 36 reconstitution assays in vitro 12 . In vivo, RSC localizes to promoter regions 13 , and its loss leads 37
to reoccupation of NDRs with nucleosomes 14 . RSC can bind and position the specialized +1 38
and -1 nucleosomes 15-17 that flank NDRs on the downstream and upstream side, respectively 1,4 . 39
RSC can recognize poly(A) and GC-rich elements in promoter DNA 16, 18, 19 . The arrangement 40 of these elements determines the strength and directionality of RSC action on promoter 41 nucleosomes 20 . 42
Understanding how promoter nucleosomes are remodelled and how NDRs are 43 established requires structural studies of RSC and its functional complexes. Electron 44 microscopy (EM) studies of RSC showed a flexible structure with a central cavity that was 45 suggested to bind a nucleosome [21] [22] [23] . However, these studies were limited to low resolution, 46
which prevented molecular-mechanistic insights. Here we present the cryo-EM structure of 47 RSC engaged with a nucleosome substrate. The results reveal the intricate subunit architecture 48 of RSC, show how RSC engages with the nucleosome and adjacent DNA, and elucidate 49 substrate recognition and remodelling mechanisms. 50 51
Structure of RSC-nucleosome complex 52
Endogenous RSC was isolated from the yeast Saccharomyces cerevisiae via affinity 53 purification of the tagged subunit Rsc2 (Extended Data Fig. 1a ) (Methods) . A RSC-54 nucleosome complex was assembled with DNA overhangs on each end of the nucleosome in 55 the presence of the ATPase transition state analogue ADP-BeF3 (Extended Data Fig. 1b) . 56 Cryo-EM analysis resulted in a medium-resolution reconstruction that revealed the 57 nucleosome, four turns of DNA exiting from one side of the nucleosome, and five RSC modules 58 that we refer to as ATPase, ARP, body, arm, and DNA-interaction module (DIM) (Figure 1a ; 59 Extended Data Fig. 2) . Focussed 3D classification enabled modelling of the nucleosome and 60
associated ATPase with the use of a related structure 24 , and placement of an adapted ARP 61 module structure 25 (Extended Data Fig. 2) . We also subjected the free RSC complex to cryo-62 EM analysis, and resolved the body and arm modules at resolutions of 3.6 Å and 3.8 Å, 63
respectively (Extended Data Figs. 3, 4a-c) . This led to a structural model of the RSC-64 nucleosome complex that only lacks the DIM module and agrees with lysine-lysine crosslinking 65 information (Extended Data Fig. 1c, d) . 66 The structure reveals the intricate architecture of RSC (Figure 1, Supplementary  67 Video 1). The body module contains subunits Rsc4, Rsc6, Rsc8, Rsc9, Rsc58, Htl1, and the N-68
terminal region of Sth1 (Figure 2 , Extended Data Table 1 ). The ARP module is flexibly 69 tethered to the body and comprises the helicase-SANT associated (HSA) region of Sth1, the 70 actin-related proteins Arp7 and Arp9, and subunit Rtt102. The C-terminal region of Sth1 71 extends from the HSA region and forms the ATPase module (Extended Data Fig. 5a ). The 72 arm module protrudes from the body and contains subunit Sfh1 and parts of Rsc8, Npl6, and 73
Rsc9 (Figure 2) . The arm and body modules are tightly connected by two copies of Rsc8 that 74 adopt different structures (Extended Data Fig. 5b) . The N-terminal SWIRM domains of Rsc8 75 reside in the arm, whereas the SANT domains and one of the ZZ zinc finger domains reside in 76 the body, as do the long C-terminal helices. The RSC structure and observed subunit 77
interactions explain the requirement of the Rsc4 C-terminal region for cell growth 26 , the known 78 interaction between Rsc6 and Rsc8 27 , and lethal effects of Rsc58 truncation 28 . 79
RSC also contains six domains that are implicated in interactions with histone tails. The 80 N-terminal bromodomain in Rsc58 locates to the surface of the body (Extended Data Fig. 5c ).
81
The five other domains are mobile, and include a bromodomain in Sth1, two bromodomains in 82
Rsc2, a BAH domain in Rsc2 that binds histone H3 29 , and a tandem bromodomain in Rsc4 that 83
interacts with acetylated H3 tails 26 Figure 1) . The ATPase and arm modules interact with the nucleosome, whereas the DIM 93 module engages with DNA exiting from the nucleosome. The ATPase module binds the edge 94 of the nucleosome, contacting both DNA gyres in a conformation poised for translocation 95 activity (Figure 3a) . The two lobes of the ATPase motor domain contact one gyre at 96 superhelical location (SHL) +2 and adopt the same relative orientation as in the structure of the 97 related SWI/SNF ATPase Snf2 bound to a nucleosome 24 . The N-terminal ATPase lobe 1 also 98 binds the second DNA gyre around SHL -6 (Figure 3b) , a location where the N-terminal tail 99 of histone H3 is expected to protrude (Extended Data Figure 4d ). Considering the known 100 directionality of the translocase 31 , we arrive at the model that the RSC ATPase motor pumps 101
DNA towards the nucleosome dyad and along the octamer surface in the exit direction, which 102
corresponds to the upstream direction of transcription, thus liberating more promoter DNA.
103
The ARP module couples RSC ATPase activity to DNA translocation and regulates the 104 remodelling activity 9,25,32 . Our results suggest that this regulation involves changes in the 105 position of the mobile ARP module that influence the conformation and mobility of the ATPase 106 lobe 1 and its interactions with both DNA gyres (Figure 3b ). These changes are likely 107 transmitted through the hinge region between the HSA region and lobe 1 that includes the 'post-108
HSA' region of Sth1. Mutations of the post-HSA region increase ATPase activity and DNA 109
translocation, suggesting that the hinge acts as a throttle for the ATPase 8-10 . The ARP module 110 adopts a defined position in the RSC-nucleosome complex, but it is mobile in the free RSC 111 structure. Based on these results, we propose that the position of the mobile ARP module can 112
influence the conformation and motility of the bilobal ATPase motor and thereby control the 113 translocation activity of RSC (Figure 3b ).
115
Nucleosome sandwiching and sliding 116
The structure also suggests a model for how RSC can slide nucleosomes along DNA. RSC 117 contacts the nucleosome disc not only at the edge, but also binds both of its faces. The SnAC 118 domain in subunit Sth1 binds the outer face of the histone octamer, whereas the arm module 119 binds the inner face (Figure 4a) Binding of the arm module to the inner face of the histone octamer is mediated by an 130 exposed 'finger' helix, which resides in the C-terminal region of subunit Sfh1 that is required 131 for normal cell growth 35 (Figure 4a, Extended Data Figs. 1d, 4e) . The finger helix contains 132 four arginine residues (R397, R400, R401 and R404) that contact the acidic patch of the 133 octamer. Three of these arginines are known to be mutated in human cancers (Figure 4b) , 134 pointing to the functional significance of the finger helix-acidic patch interaction. The finger 135 helix and its arginine residues are highly conserved in Sfh1 homologs throughout eukaryotes 136 (Figure 4c) . The SnAC domain is also conserved over species and between SWI/SNF 137 complexes 36 , suggesting that the sandwiching mechanism of nucleosome sliding is used by all 138 SWI/SNF family complexes. 139
The arm module and its finger helix may also contribute to substrate selection. RSC 140 preferentially recognizes nucleosomes that contain the histone variant H2A.Z 37 . Such 141 nucleosomes show a more extended acidic patch 38 and may have increased affinity for the basic 142 RSC finger. The arm module may also contact the C-terminal tail of H2A.Z (Extended Data 143 Fig. 4d ) that differs in ten amino acid residues from the tail of H2A in yeast. The observed arm-144 octamer interaction also explains why ubiquitination of histone H2B counteracts RSC 145 function 39 . The ubiquitin moiety attached to H2B residue K123 (human K120) is predicted to 146 sterically interfere with the arm-octamer interaction (Extended Data Fig. 4f ). 147 148
DNA recognition and NDR formation 149
RSC not only binds the nucleosome, but also DNA that exits from it (Figure 5a ). The DIM 150 module contacts exiting DNA ~20 -40 bp upstream of SHL -7 of the nucleosome. This is in 151 agreement with RSC protecting ~50 bp of extra-nucleosomal DNA from nuclease digestion 15 . 152
The DIM-DNA contact also explains how RSC recognizes specific DNA elements that are 153 enriched in promoters 16,18-20 . Consistent with crosslinking information, the RSC subunits Rsc2, 154
Rsc3 and Rsc30 are located in the DIM (Extended Data Fig. 1d ). Rsc3 and Rsc30 are known 155
to interact 40 and recognize a CGCG DNA element located upstream of the transcription start 156 site 18 . They may bind DNA via their N-terminal zinc cluster domains 18, 40 . It remains to be seen 157
to what extent promoter targeting by RSC depends on its binding to DNA sequence, histone 158 modifications, and the presence of histone variant H2A.Z.
159
The results also elucidate the formation of NDRs. In S. cerevisiae, the DNA linker 160 length between two nucleosomes is only ~23 bp on average 41 . Steric considerations predict that 161 RSC can enter chromatin only at sites where the length of the DNA linking two nucleosomes 162 is at least 40 -50 bp (Figure 5b ). This can explain why RSC is targeted only to promoter 163 regions, which are intrinsically nucleosome-depleted to some extent. NDR formation involves 164 sliding of both flanking nucleosomes away from the NDR center 12 . Here we have interpreted 165
the RSC-nucleosome structure to describe RSC action on the +1 nucleosome, but the structure 166
can equally describe RSC action on the -1 nucleosome. In the latter case, DNA exits in 167 downstream direction, rather than upstream, the ATPase engages with SHL -2, rather than SHL 168 +2, and DNA translocation slides the nucleosome upstream, rather than downstream. Provided 169 that RSC remains bound to both flanking nucleosomes after remodelling, a minimum NDR size 170 of ~100 bp would result (Figure 5b) The RSC structure also suggests the architecture of the related yeast SWI/SNF complex 186 and its human counterpart BAF. Based on subunit composition and sequence homologies 187
(Extended Data Figure 6 ), the yeast SWI/SNF complex contains RSC-related ATPase, ARP, 188
and arm modules, whereas its body module is apparently smaller. The human BAF complex 189 contains counterparts of RSC subunits Sth1, Sfh1, Arp7, Arp9, Rsc6, and Rsc8. The BAF 190
subunit BAF250a is predicted to contain five armadillo repeats 45 , and is likely the counterpart 191 of Rsc9. Thus, BAF also contains the ATPase, ARP and arm modules, and a body module that 192
is at least partially conserved.
193
Due to these homologies, the RSC structure can be used to locate protein sites in PBAF 194
that are known to be mutated in human cancers. This analysis shows that cancer-associated 195 mutations are scattered throughout the remodelling complex (Figure 6a ). Most mapped 196 mutations are located inside the structured modules and are predicted to destabilize protein 197
folds. However, mutations are particularly enriched within the ATPase, ARP and arm modules 198 that surround and contact the nucleosome, suggesting that they cause functional defects.
200
Diversity in chromatin remodellers 201
Finally, we compared the RSC-nucleosome structure with nucleosome complex structures of 202 the three other families of chromatin remodelling factors (Figure 6b) data processing. P.C. designed and supervised the project. F.W. and P.C. wrote the manuscript, 233
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The View on the top as in Fig. 1c, Xenopus leavis histones were expressed and purified as described 56,57 . Briefly, histones were 480 purified as inclusion bodies using a Dounce tissue grinder (Sigma-Aldrich). Histones were 481 aliquoted, flash-frozen, lyophilised, and stored at -80 °C. For octamer preparation, lyophilised 482 histones were resuspended in unfolding buffer (20 mM HEPES pH 7.5, 7 M guanidinium 483 hydrochloride, 10 mM DTT) to a concentration of 3 mg/mL. Histones H2A, H2B, H3 and H4 484
were combined at a molar ratio of 1.2:1.2:1:1 and dialysed against two times 2 L of refolding 485 buffer (10 mM HEPES pH 7.5, 2 M NaCl, 1 mM EDTA, 2.5 mM DTT) for a total of 12 h at 4 486 °C. The sample was concentrated and applied to a Superdex 200 Increase 10/300 size exclusion 487 column pre-equilibrated with refolding buffer. Peak fractions were pooled and frozen in liquid 488 nitrogen at a concentration of 1.34 mg/mL.
489
DNA fragments for nucleosome reconstruction were prepared by PCR as described 58 . 490 gBlock DNA (IDT) containing the 145-bp Widom 601 sequence 59 with a 55 bp extension at the 491 5'-end and a 37 bp extension at the 3'-end was used as a template together with two primers 492
(forward: TCATTACCCAGCCCGCCTAG, reverse: 493 CCTACGGACCGGATATCTTCCCTG). Reactions were pooled (42 mL) and DNA products 494 recovered by phenol-chloroform-extraction. DNA was resuspended in MilliQ water and applied 495 to a Superose 6 Increase 10/300 size exclusion chromatography column pre-equilibrated in gel 496 filtration buffer (20 mM HEPES pH 7.5, 200 mM NaCl, 1 mM EDTA). Peak fractions were 497 pooled, concentrated ten times, and stored at -20 °C. 498
Nucleosome reconstitution was performed as described 57 , with minor modifications.
499
DNA and histone octamer were mixed at a 1: reconstruction of the RSC complex as reference resulted in high-quality particles that could be 541 refined to an overall map of the RSC remodeller together with the nucleosome (map 1) at a 542 resolution of ~15 Å. Further processing of the particles revealed great flexibility and dynamics 543 which could not be resolved by focused 3D classifications and refinements. 544
The particles corresponding to the RSC-nucleosome map were reextracted centred on 545 the nucleosome with a box mainly including the nucleosome and the ATPase module. Global 546 3D classification resulted in a good class that revealed the Sth1 subunit bound to the 547 nucleosome. Focused 3D refinement excluding the Sth1 density provided a nucleosome map 548 (map 2) at a resolution of 3.6 Å (gold-standard Fourier shell correlation 0.143 criterion) and a 549
B-factor of -155 Å 2 . Improvement of the Sth1 density turned out to be very difficult and showed 550
its highly dynamic nature in this sample. A strategy of focused 3D classification without image 551 alignment on the Sth1 part, followed by a global 3D refinement and additional focused 3D 552 classification on the combined Sth1-nucleosome density led to the best results. A focused 3D 553 classification and postprocessing with automatic B-factor determination in RELION resulted 554
in an overall resolution of the Sth1-nuclesome map of 4.3 Å (FSC 0.143 criterion) and B-factor 555 of -186 Å 2 (map 3) (Extended Data Fig. 2) . The nucleosome alone could be resolved to 3.6 Å 556
(FSC 0.143 criterion) using a B-factor of -156 Å 2 (map 2) (Extended Data Fig. 2) . Final 557 focused maps were combined using the Frankenmap tool distributed with Warp (map 7) 558
(Extended Data Fig. 2) . Masks encompassing the regions of interest were created with UCSF 559
Chimera 64 and RELION. 560 561
Cryo-EM analysis of the free RSC complex 562
Freshly purified RSC complex was mixed with ADP-BeF3 to a final concentration of 1 mM and 563 incubated for 15 min on ice. BS3 (bis(sulfosuccinimidyl(suberate))) cross-linker (Thermo 564
Fischer Scientific) was added to a final concentration of 1 mM, incubated on ice for 30 min 565 before quenching with Tris-HCl, pH 7.5, and ammonium bicarbonate at a final concentration 566 of 100 mM and 20 mM, respectively. After size exclusion chromatography using a Sepharose 567 6 Increase 3.2/300 column (GE Healthcare) pre-equilibrated in gel filtration buffer (50 mM 568 HEPES pH 7.6, 150 mM KAc, 4 mM MgCl2, 1 mM DTT), peak fractions were immediately 569 applied to cryo-EM grids. 4 µL of sample were applied to glow-discharged (Pelco easiGlow) 570 R2/2 gold grids (Quantifoil). Grids were blotted and vitrified as described above. 571
Cryo-EM data was collected as described above, with small modifications. The energy 572
filter slit width was set to 20 eV. Micrographs for the two 0° tilt datasets were collected at a 573 dose rate of 4.88 e -/Å/s for 8 s resulting in a total dose of 39 e -/Å 2 and at a dose rate of 5.02 e -574 /Å 2 /s over 9 s resulting in a total dose of 45.2 e -/Å 2 , respectively, and fractionated over 40 575
frames. The third, 25° tilted dataset was acquired in 44 frames at a dose rate of 4.99 e -/Å 2 /s for 576 11 s resulting in a total dose of 54.9 e -/Å 2 . 577 Pre-processing and particle picking was carried out as described above and resulted in 578 205,990 particles from the first dataset (1787 micrographs), 170,028 particles from the second 579 dataset (1216 micrographs) and 475,168 particles from the tilted dataset (3158 micrographs). 580
Particles were processed with global 3D classifications using RELION-3 63 and a negative stain 581
reconstruction of the RSC complex as a first reference to obtain an improved initial reference. 582
All 1,009,020 particles were newly extracted and bad particles were sorted out in multiple 583 rounds of global 3D classifications in combination with global 3D refinements. The best 584
resulting class was refined with a mask excluding the flexible DNA-interaction module (DIM).
585
Particles corresponding to this reconstruction were subjected to CTF refinement and Bayesian 586 polishing in RELION. Using focused 3D refinements, the maps for the arm module, and body2 587
and body1 submodules were further improved. Postprocessing with automatic B-factor 588 determination in RELION resulted in overall resolutions of 3.8 Å, 3.6 Å and 3.6 Å, respectively, 589 and B-factors of -136 Å 2 , -100 Å 2 and -103 Å 2 , respectively (Extended Data Figure 3) . Final 590
focused maps were combined with Warp (Extended Data Figure 3) . 591 592
Structural modelling 593
The lower resolution cryo-EM map 1 of the RSC-nucleosome complex was used to align the 594 individually generated cryo-EM maps 2 -8. The combined cryo-EM map 7 was used for model 595
building of the Sth1 subunit bound to the nucleosome. The final map was created with the local 596 resolution tool from RELION and a B-factor of -150 Å 2 . The structure of the yeast Snf2 bound 597
to the nucleosome in the ADP-BeF3 state (PDB code 5Z3U) 24 was used as basis for modelling. 598
Published data together with the close homology between Sth1 and Snf2 (Extended Data Fig.  599  6) suggest that Sth1 also binds at SHL +2. The remodeler and the nucleosome part were fitted 600 separately. The Xenopus laevis histones and Widom 601 sequence of PDB 5Z3U were the same 601
as used in our study. The nucleosome structure was rigid-body fitted into our cryo-EM map in 602
UCSF Chimera 64 and the entry side DNA and histone tails trimmed according to the density in 603 COOT 65 . Due to lower resolution, amino acid side chains of residues 15 -22 of H4 (chain B) 604
were stubbed in COOT. The nucleosome structure was flexibly fitted using Namdinator 66 and 605 real space refined in PHENIX 67 with secondary structure restraints (including base paring and 606 base stacking restraints). 607
High conservation of amino acids between Sth1 and Snf2 (Extended Data Figure 6 ) 608 allowed for generation of a Sth1 homology model with Rosetta 68,69 . The homology model was 609
trimmed according to the density in COOT, Brace-II helix was removed, and amino acid side 610 chains were stubbed owing to the lower resolution of the map area before rigid-body docking 611 using UCSF Chimera. Additional real space refinement with secondary structure restraints 612
(including base paring and base stacking restraints) was performed in PHENIX. The 613 overhanging exit side DNA was modelled by generating a bend B-DNA following the density 614
in map 1 in 3D-DART 70 . The DNA duplex was connected to the nucleosomal Widom 601 DNA 615 and geometry optimized with base pairing and base stacking restraints in PHENIX.
616
Map 1 allowed for the rigid-body docking of the crystal structure of the Arp module 617
bound to the Snf2 HSA region (PDB code 4I6M) 25 using UCSF Chimera. The amino acid 618 residues of the Snf2 HSA helix were mutated to the ones from Sth1 according to sequence 619 alignment (Extended Data Fig. 6 ) starting at the C-terminus and ignoring gaps. The model for 620
the Sth1 HSA helix is thus an extrapolation based on the strong α-helical secondary structure 621 prediction and the register might differ slightly 25 . 622 c. Location of crosslinking sites mapped onto the structure. BS3 crosslinks that appeared at 722 least in triplicates were mapped onto the RSC-nucleosome structure. Lysine residues involved 723 in the crosslinking network are shown as blue spheres and crosslinked residues are connected 724
EXTENDED DATA FIGURE LEGENDS
with lines indicating permitted (blue) and non-permitted (red) crosslinking distances. 90% of 725 the mapped crosslinks are within the permitted crosslinking distance which was set to 30 Å. 726
The remaining 10% of non-permitted crosslinks likely reflect ambiguity caused by the presence 727 of two identical Rsc8 subunits in the structure as well as flexibility of the complex in buffer or 728 arise from technical errors. 729 d. Crosslinking network between subunits of the RSC-nucleosome complex. Subunits are 730 coloured as in Figure 1 . Crosslinks with a score above 2.5 are shown. A comprehensive list of 731 crosslinks can be found in the Supplementary Table S1 . The masks used for focused classifications and refinements are colour coded corresponding to 744 the final maps they were used for. Views are generally rotated by 180° with respect to Figure  745 1c, left. 
